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scribed. The power system includes an electrical ma-
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includes a braking circuit connected in series to the DC
circuit. The braking circuit includes a braking resistor and
a chopper. The method comprising the steps of: operat-
ing the DBS and controlling operation of the electrical
machine based on a prevailing temperature of the brak-

ing circuit. The method can further comprise the step of
stopping the electrical machine. The electrical machine
can be controlled to be restarted at its rated output power
once the prevailing temperature of the braking resistor
reaches or falls below a lower temperature threshold.
Alternatively, the electrical machine can be restarted at
alower output power and, after restarting, its output pow-
er can be increased based on a power starting profile as
the braking resistor cools.
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Controlling restarting of the wind turbine generator | Step3
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Description
Technical Field

[0001] The presentinvention relates to power systems
that include a dynamic braking system (or DBS), and in
particular a DBS that includes at least one braking circuit
connected to a direct current (DC) circuit for dissipating
excess energy as heat.

Background Art

[0002] A power system 1 with a dynamic braking sys-
tem (or DBS) is shown in Figure 1. The DBS includes a
braking circuit 2 connected to a DC circuit 4 of the power
system 1.

[0003] The DC circuit 4 is connected to the DC termi-
nals of an AC/DC power converter 6, e.g., a multi-level
converter. The AC terminals of the AC/DC power con-
verter 6 are connected to an electrical machine, in this
case a wind turbine generator 8. The rotor of the wind
turbine generator 8 is driven to rotate by a rotor assembly
10 including one or more rotor blades. Although not
shown in Figure 1, the DC circuit 4 is normally also con-
nected to the DC terminals of a power converter. The
power converter can be a DC/AC power converter, e.g.,
a multi-level converter, with AC terminals that are con-
nected to an AC power network or grid, for example. The
power converter can also be a DC/DC power converter
with other DC terminals that are connected to a DC power
network or grid, for example. The DC circuit can also form
part of a DC power network or grid. The DC circuit 4 can
be a DC link between the two or more closely-coupled
power converters. During normal operation, power gen-
erated by the wind turbine generator 8 is supplied to the
DC circuit 4 through the AC/DC power converter 6 oper-
ating as an active rectifier. Power can then be supplied
from the DC circuit to the AC power network or grid
through the DC/AC power converter operating as an in-
verter, or to the DC power network or grid through the
DC/DC power converter or directly.

[0004] The DBS can be operated to dissipate any ex-
cess energy in the DC circuit 4 that may result during
normal operation of the wind turbine generator 8, e.g., to
keep turbine speed within its allowed limit, or during a
faultinthe power system or the connected power network
or grid.

[0005] The powersystem caninclude asecond AC/DC
power converter whose AC terminals are connected to
the wind turbine generator 8 in parallel with the above-
mentioned AC/DC power converter, and whose DC ter-
minals are connected to a second DC circuit. Two or more
braking circuits 2 can be connected to each DC circuit 4
with each braking circuit being adapted to dissipate a
proportion of the excess energy in the DC circuit. Figure
3 shows a practical arrangement of a power system 1’
where the wind turbine generator 8 is connected to an
AC power network or grid 12 by two or more power con-
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verter assemblies (or "channels") 14a, ...14n arranged
in parallel. Each power converter assembly 14a, ...14n
includes an AC/DC power converter 16 whose AC termi-
nals are connected to the wind turbine generator 8, a DC
circuit 18, and a DC/AC power converter 20 whose AC
terminals are connected to the AC power network or grid
12. The DC circuit 18 of each power converter assembly
14a, ...14nis a DC link between the two closely-coupled
AC/DC and DC/AC power converters 16, 20. During nor-
mal operation, power generated by the wind turbine gen-
erator 8 is supplied to the DC circuit 16 of each power
converter assembly 14a, ...14n through the respective
AC/DC power converter 16 operating as an active recti-
fier and power is supplied from the DC circuit to the AC
power network or grid 12 through the respective DC/AC
power converter 20 operating as an inverter.

[0006] The DBS includes two braking circuits per pow-
erconverterassembly 14a, ...14n. In particular, as shown
in Figure 3, two braking circuits 2a, 2b are connected in
series to the DC circuit 18 of the first power converter
assembly 14a and two braking circuits 2c, 2d are con-
nected in series to the DC circuit of the nth power con-
verter assembly 14n. It will be readily appreciated that
the power system 1’ can have any suitable number of
power converter assemblies arranged in parallel (i.e., any
suitable number of "channels") depending on the power
design requirements, and that any suitable number of
braking circuits can be connected to the DC circuit of
each power converter assembly. If two or more braking
circuits are connected to the same DC circuit they will
dissipate a proportion of the excess energy in the DC
circuit. Ifthe power system has two or more parallel power
converter assemblies (or "channels"), the excess energy
in each DC circuit will be a proportion of the output power
of the wind turbine generator 8. For example, if there are
three power converter assemblies for the arrangement
shown in Figure 3 (i.e., n=3) there will be a total of six
braking circuits. If the braking circuits are substantially
identical, each braking circuit will dissipate approximately
one sixth (1/6th) of the power output by the wind turbine
generator 8 when the DBS is operated and must be rated
accordingly.

[0007] As shown in Figure 2, each braking circuit 2
includes a series-connected braking resistor 22 and a
chopper 24 (e.g., a fully-controllable semiconductor
switch such as an IGBT) that is controlled to be switched
on and off by a gate drive circuit (not shown) under the
control of a control unit 26. If the DBS has two or more
braking circuits, either connected to the same DC circuit
or to separate DC circuits, the choppers are preferably
switched on and off substantially simultaneously so that
the individual braking circuits are operated in a coordi-
nated manner to dissipate energy in the DC circuit(s).
The control unit 26 can be part of a control unit for the
power system, which can also control operation of the
wind turbine generator, the power converters etc. Each
braking circuit 2 can also include a recovery diode 28 to
dissipate energy stored in the braking circuit inductance.
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It should be understood that Figure 2 shows a functional
equivalent braking circuit and that the inductance can be
representative of parasitic and/or intentional inductanc-
es. Any suitable braking circuit topology can be used as
long as it includes a braking resistor and a chopper.
[0008] When the chopper 24 of each braking circuit 2
is switched on, excess energy in the connected DC circuit
4 is directed to the braking resistor 22 where it is dissi-
pated as heat. Each braking resistor 22 can have any
suitable construction.

[0009] The DBS can be operated automatically if the
voltage in the DC circuit (or one of the DC circuits) ex-
ceeds a threshold, or if there is a voltage unbalance in
the DC circuit (or one of the DC circuits). During the op-
eration of the DBS, the chopper 24 of each braking circuit
2 can be switched on continuously, but it is more com-
monly switched on and off by the control unit 26 according
to a duty cycle which determines the energy dissipation.
[0010] In the event of a fault in the power network or
grid, the output power of the connected wind turbine gen-
erator 8 cannot be supplied to the power network. The
rotor assembly 10 cannot be immediately brought to stop
by mechanical means (e.g., a mechanical brake) and the
DBS must be capable of dissipating at least the whole of
the rated output power of the wind turbine generator 8
for a period of time while the wind turbine generator 8 is
controlled to reduce its rotational speed to a complete
stop. Such a "worst case" situation might be based on
an output power thatis higher than the rated output power
of the wind turbine generator 8 in case the wind speed
is increasing rapidly at the same time as the fault occurs
on the power network or grid. The DBS dissipates energy
generated by the wind turbine generator 8 as its rotational
speed is reduced to zero.

[0011] The DBS canonly be operated for a certain con-
tinuous period of time (the "operation time") to prevent
its components from being damaged. The operation time
is typically a fixed time period, e.g., 9 seconds. It will be
readily appreciated that energy is not necessarily being
continuously dissipated in the braking resistor 22 of each
braking circuit 2 during the operation time if the chopper
24 is being switched on and off according to a duty cycle.
[0012] Once the operation of the DBS has ended, the
wind turbine generator 8 normally remains stopped for a
certain period of time (the "recovery time") to allow the
DBS to recover so that it is capable of being activated
again during another "worst case" situation where at least
the whole of the rated output power of the generator must
be dissipated. The recovery time is typically a fixed time
period, e.g., 20 minutes. During the recovery time, the
wind turbine generator 8 is not able to generate power
and therefore cannot generate any income for its oper-
ator.

[0013] If anelectrical machine is normally used for mo-
toring applications, e.g., it is a variable speed motor for
driving equipment, it is sometimes necessary to use a
DBS to dissipate excess energy as heat when the elec-
trical machine is occasionally operated as a generator or
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in a regenerative mode, for example during regenerative
braking or with an overhauling load. Such variable speed
motors can be used in a wide variety of different technical
fields such as oil and gas, locomotion, marine etc. Equip-
ment driven by the rotor can include pumps, compres-
sors, fans, drilling equipment, winches, marine propul-
sion assemblies etc. A power system 1" including a var-
iable speed motor 50 and a DBS is shown in Figure 9.
The DBS includes a braking circuit 44 connected toa DC
circuit 46. As shown in Figure 2, each braking circuit 44
includes a series-connected braking resistor 22 and a
chopper 24 (e.g., a fully-controllable semiconductor
switch such as an IGBT) that is controlled to be switched
on and off by a gate drive circuit (not shown) under the
control of a control unit 56.

[0014] The DC circuit 46 is connected to the DC termi-
nals of a DC/AC power converter 48, e.g., a multi-level
converter. The AC terminals of the DC/AC power con-
verter 48 are connected to an electrical machine, in this
case a variable speed motor 50. The rotor of the variable
speed motor 50 is connected to equipment, e.g., a pump,
compressor, fan, drilling equipment, winch, marine pro-
pulsion assembly etc. The DC circuit 46 is also connected
to an AC/DC power converter 52, e.g., a multi-level con-
verter, with AC terminals that are connected to an AC
power network or grid 54. During normal operation, pow-
er is supplied from the AC power network or grid 54 to
the DC circuit 46 through the AC/DC power converter 52
operating as an active rectifier and from the DC circuit to
the variable speed motor 50 through the DC/AC power
converter 48 operating as an inverter. The power con-
verters 48, 52 and the DC circuit 46 together define a
variable speed drive (or VSD). The power flow through
the VSD to the variable speed motor 50 is varied by a
controller 58 which controls the operation of the individual
power converters, and in particular the switching of the
various semiconductor switches. Varying the input power
allows the rotational speed of the motor 50 to be control-
led.

[0015] During reverse operation, power being gener-
ated bythe variable speed motor50 (e.g., by regenerative
braking) is supplied to the DC circuit 46 through the
DC/AC power converter 48 operating as an active recti-
fier. The generated power can be supplied to the AC pow-
er network or grid 54 and/or dissipated as heat in the
braking resistor 22 of the DBS. The generated power can
only be supplied to the power AC network or grid 54 if
the DC circuit 46 is connected to it by a power converter
that is capable of bidirectional power flow, e.g., the
AC/DC power converter 52 that can be operated as an
active rectifier during motoring applications and as an
inverter during generating applications. If the grid-side
power converter is only capable of unidirectional flow,
e.g., itis a diode bridge, the excess energy will be dissi-
pated in the DBS.

[0016] Once the operation of the DBS has ended, the
variable speed motor 50 may need to be stopped or its
rotational speed might need to be controlled while oper-
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ating as a motor to allow the DBS to recover so that it is
capable of being activated again, for example during a
subsequently period of generative braking.

Summary of the invention

[0017] Inone arrangement, the presentinvention aims
to improve on the fixed operation and recovery times for
wind turbine generators mentioned above. In particular,
the invention provides a method of controlling a power
system, and a power system, where at least the recovery
time for restarting the electrical machine (e.g., a wind
turbine generator) is not fixed but is determined dynam-
ically with reference to a prevailing temperature of a brak-
ing circuit of the DBS. The operation time can also be
determined dynamically with reference to a prevailing
temperature of the braking circuit of the DBS.

[0018] The present invention also aims to provide im-
proved control for electrical machines such as variable
speed motors that are normally operated in a motoring
mode but where excess power is dissipated as heatin a
DBS during regenerative braking or with an overhauling
load, for example.

[0019] The invention provides a method of controlling
a power system comprising an electrical machine (e.g.,
a motor or generator), a power converter including AC
terminals connected to the electrical machine and DC
terminals, a DC circuit connected to the DC terminals of
the power converter, and a dynamic braking system (or
DBS) comprising a braking circuit connected in series to
the DC circuit, the braking circuit including a braking re-
sistor and a chopper;

the method comprising the steps of:

operating the DBS; and

controlling operation of the electrical machine
based on a prevailing temperature of the braking
circuit.

[0020] Controlling operation of the electrical machine
can include controlling one or more of its operating pa-
rameters such as its torque, rotational speed etc. with
reference to a prevailing temperature of the braking cir-
cuit. The DBS will normally be operated while the elec-
trical machine is operating in a generating mode (e.g.,
when generating power during normal operation if the
electrical machine is a wind turbine generator, or during
regenerative brakingifthe electrical machineis a variable
speed motor that normally operates in a motoring mode).
The electrical machine can be controlled while the elec-
trical machine is operating in a generating mode or sub-
sequently operating in a motoring mode (e.g., if the elec-
trical machine is a variable speed drive).

[0021] The method can furtherinclude the step of stop-
ping operation of the electrical machine, and the control-
ling step can include controlling the restarting of the elec-
trical machine based on a prevailing temperature of the
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braking circuit. This control is particularly appropriate if
the electrical machine is a wind turbine generator, for
example.

[0022] The invention further provides a power system
comprising:

an electrical machine (e.g., a motor or generator);
a power converter including AC terminals connected
to the electrical machine and DC terminals;

a DC circuit connected to the DC terminals of the
power converter;

a DBS comprising a braking circuit connected in se-
ries to the DC circuit, the braking circuit including a
braking resistor and a chopper; and

a control unit adapted to:

operate the DBS; and

control operation of the electrical machine
based on aprevailing temperature of the braking
circuit.

[0023] The control unit can be adapted to control one
or more of the operating parameters of the electrical ma-
chine such as its torque, rotational speed, power etc. with
reference to a prevailing temperature of the braking cir-
cuit. The DBS will normally be operated while the elec-
trical machine is operating in a generating mode (e.g.,
when generating power during normal operation if the
electrical machine is a wind turbine generator, or during
regenerative braking if the electrical machine is a variable
speed drive). The control unit can be adapted to control
the electrical machine while the electrical machine is op-
erating in a generating mode or subsequently operating
in a motoring mode (e.g., if the electrical machine is a
variable speed drive).

[0024] The control unit can be further adapted to stop
operation of the electrical machine, and to control the
restarting of the electrical machine based on a prevailing
temperature of the braking circuit. This control is partic-
ularly appropriate if the electrical machine is a wind tur-
bine generator, for example.

[0025] The control unit can be further adapted to carry
out the steps described below.

[0026] The electrical machine can have any suitable
construction. In one arrangement, the electrical machine
is a wind turbine generator whose rotor is driven to rotate
by a rotor assembly including one or more rotor blades,
or more generally a renewal energy generator whose ro-
tor is driven to rotate by renewal energy such as tidal
energy, sea currents or wind, for example. In another
arrangement, the electrical machine is a variable speed
motor that can be used to drive suitable load equipment
or a drive shaft, for example.

[0027] The powerconverter can have any suitable con-
struction. In one arrangement, the power converter is an
AC/DC power converter with a plurality of controllable
semiconductor switches. The power converter can func-
tion as part of a drive if the electrical machine is a variable
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speed motor. The power converter will be capable of bi-
directional power flow to allow power generated by the
variable speed motor when operating in a generating
mode (e.g., during generative braking) to be supplied to
the DC circuit and dissipated as heat in the DBS.
[0028] The power system can furtherinclude a second
power converter including DC terminals connected to the
DC circuit and AC terminals connectable to an AC power
network or grid. In one arrangement, the second power
converter is a DC/AC power converter with a plurality of
controllable semiconductor switches. The second power
converter can be a DC/DC power converter including first
DC terminals connected to the DC circuit and second DC
terminals connectable to a DC power network or grid.
The DC circuit can form part of a DC power network or
grid. The closely-coupled power converters and the DC
circuit (or DC link) can define a power converter assembly
that connects the electrical machine to the power network
or grid. The power system can include two or more power
converter assemblies arranged in parallel. The DC circuit
of each power converter assembly can be connected to
a braking circuit, or connected to two or more braking
circuits of the DBS that are operated in a coordinated
manner to dissipate energy in the DC circuit.

[0029] If two or more braking circuits are connected to
the same DC circuit, the braking circuits can be connect-
ed in series between the DC rails of the DC circuit.
[0030] The chopper and the braking resistor of each
braking circuit are connected in series. The chopper can
be a fully-controllable semiconductor switch such as an
IGBT or similar. The braking circuit can have any suitable
topology and can include other components in addition
to the chopper and braking resistor as appropriate. The
braking resistor can have any suitable mechanical con-
struction and is normally designed with appropriate char-
acteristics (e.g., ohmic value) to meet the power system
requirements.

[0031] In one arrangement, the DBS can be operated
at the same time as the electrical machine is controlled
or at the same time as the stopping operation of the elec-
trical machine. In general terms, there will normally be
at least some overlap between the two operations. The
stopping of the electrical machine can follow a power
shedding profile which in practice can be based on a
combination of dissipating energy in the DBS and appro-
priate control of the electrical machine to reduce its ro-
tational speed. For example, in the case of a wind turbine
generator, the appropriate control might include blade
pitch control to adjust the pitch angle of each rotor blade
and/or the application of a mechanical brake. The im-
proved operation of the DBS provided by the present
invention can reduce or delay the need to mechanically
control the wind turbine generator, thereby significantly
reducing mechanical stress on the rotor blades, blade
pitch systems etc. In one arrangement, the electrical ma-
chine can be controlled subsequent to the DBS being
operated. In the case of a variable speed drive, the ap-
propriate control might be to operate it at a lower rota-

10

15

20

25

30

35

40

45

50

55

tional speed in a motoring application after the DBS has
been operated.

[0032] The DBS can be operated for a certain period
of time (the "operation time"). During the operation time,
the chopper can be switched on continuously or switched
on and off by a control unit according to a duty cycle.
[0033] The maximum operation time of the DBS can
be a fixed time period such as 9 seconds in the case of
awind turbine generator, for example, or several minutes
in the case of a variable speed motor that is providing
regenerative braking.

[0034] Alternatively, the maximum operation time of
the DBS can be a variable time period that is determined
dynamically based on a prevailing temperature of the
braking circuit. For example, the maximum operation
time can be determined based on the prevailing temper-
ature of one or both of the chopper and the braking re-
sistor. The maximum operation time of the DBS can be
the time taken for the chopper or the braking resistor to
reach or exceed a respective upper temperature thresh-
old. The respective upper temperature threshold can be
selected to be the maximum rated temperature of the
particular component, e.g., as determined by the manu-
facturer datasheet. But the upper temperature threshold
can also be selected to be lower than the maximum rated
temperature of the particular component so that the op-
eration of the DBS is ended before the maximum rated
temperature is reached. This provides a thermal margin.
[0035] The prevailing temperature of the chopper can
be measured directly using a suitable sensor. But often
the prevailing temperature of the chopper will be estimat-
ed accurately using a thermal model with one or more
input parameters. Input parameters might include the
power loss in the chopper, a measured ambient temper-
ature, a measured temperature of any housing or casing
for the chopper etc. The output of the thermal model will
be an estimated temperature of the chopper.

[0036] Similarly, the prevailing temperature of the
braking resistor can be measured directly using a suitable
sensor. But often the prevailing temperature of the brak-
ing resistor will be estimated accurately using a thermal
model with one or more input parameters. Input param-
eters might include the power loss in the braking resistor
(optionally calculated by ignoring any inductance or re-
verse recovery effects), a measured ambient tempera-
ture etc. The output of the thermal model will be an esti-
mated temperature of the braking resistor.

[0037] The temperature measurements or estimates
are provided to the control unit.

[0038] Other ways of deriving the prevailing tempera-
ture of the chopper and the braking resistor can also be
used.

[0039] Once the operation of the DBS has started, the
prevailing temperature of the chopper (i.e., as measured,
estimated using a thermal model or otherwise derived)
can be compared in "real time" against an upper temper-
ature threshold for the chopper. Similarly, the prevailing
temperature of the braking resistor (i.e., as measured,
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estimated using a thermal model or otherwise derived)
can be compared in "real time" against an upper temper-
ature threshold for the braking resistor. If either of the
prevailing temperatures reaches or exceeds the respec-
tive upper temperature threshold, the operation of the
DBS can be ended by the control unit. The comparisons
can be carried out by the control unit and the upper tem-
perature thresholds can be pre-determined or pre-select-
ed.

[0040] Ifthe DBS has two or more braking circuits, op-
eration of the DBS can be ended when the prevailing
temperature of one of the braking circuits reaches or ex-
ceeds an upper temperature threshold.

[0041] This improved method of determining the max-
imum operation time will often allow the DBS to be op-
erated safely for longer than has previously been the
case, i.e., when using a fixed operation time. A longer
maximum operation time for the DBR can reduce or delay
the need to control the actual electrical machine. In other
words, in the case of a wind turbine generator, if the DBS
is still capable of dissipating energy on the basis of the
"real time" temperature comparisons described above,
the power shedding profile can prioritise the use of the
DBS and delay blade pitch control or other stopping op-
eration, for example. It can also lead to significant cost
savings because there is no need, as a precaution, to
over-rate the components of the DBS since operation
time is determined dynamically and with regard to spe-
cific temperature measurements, specific input parame-
ters for the thermal models etc.

[0042] Inafirstmethod,the controlling step caninclude
restarting the stopped electrical machine when a prevail-
ing temperature of the braking circuit reaches or falls be-
low a lower temperature threshold. Such control can be
particularly useful for a wind turbine generator which
must be stopped if there is a fault in the power network
or grid that prevents the export of power. But such control
can also be useful for other electrical machines, including
variable speed motors, which might also need to be
stopped as a result of the DBS being operated or for any
other reason. A minimum "recovery time" can be deter-
mined dynamically based on the prevailing temperature
ofthe brakingresistor (i.e., as measured, estimated using
athermal model or otherwise derived) which is compared
in "real time" against a lower temperature threshold for
the braking resistor. In other words, the minimum recov-
ery time during which the electrical machine must remain
stopped does not need to be a fixed time period such as
20 minutes in the case of a wind turbine generator, for
example, but can be determined by the time taken for
the braking resistor to reach or fall below a lower tem-
perature threshold. In practice, the method will normally
only take into account the prevailing temperature of the
braking resistor because it has been found to cool down
at a much slower rate than the chopper and therefore
represents the limiting factor in the thermal recovery of
the braking circuit. But it is also possible, additionally or
alternatively, to compare the prevailing temperature of
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the chopper against a lower temperature threshold for
the chopper. The comparison(s) can be carried out by
the control unit and the lower temperature threshold(s)
can be pre-determined or pre-selected.

[0043] When the prevailing temperature of the braking
circuit (or braking resistor, more particularly) reaches or
falls below the lower temperature threshold, the electrical
machine can be restarted by the control unit. The elec-
trical machine can be restarted according to a normal
starting sequence. For example, in the case of a wind
turbine generator, the rotor assembly is released and the
output power of the wind turbine generator can be
ramped up to the rated output power under appropriate
control. In the case of a variable speed motor, the input
power supplied to the motor can be ramped up to the
appropriate level under appropriate control to achieve
the desired rotational speed.

[0044] The lower temperature threshold of the braking
circuit can be selected so that, once this temperature is
reached or exceeded, the DBS can be operated safely
for a "worst case" situation. In other words, at the lower
temperature threshold, the braking resistor has cooled
sufficiently to be able to withstand the temperature in-
crease if the DBS has to be operated again for the re-
quired time, for example to dissipate a pre-determined
output power of the electrical machine. This can be the
output power of the electrical machine that would need
to be dissipated if a variable speed motor was to be op-
erated in a generating mode to provide regenerative
braking, for example. The pre-determined output power
is preferably at least the rated output power of the elec-
trical machine and can be higher than the rated output
power. If the DBS has two or more braking circuits, each
braking circuit will be adapted to dissipate a proportion
of the pre-determined output power and the lower tem-
perature threshold of each braking circuit can be selected
accordingly.

[0045] Ifthe DBS has two or more braking circuits, the
electrical machine can be restarted when a prevailing
temperature of all of the braking circuits reaches or falls
below a lower temperature threshold.

[0046] This improved method of determining the min-
imum recovery time will often allow the electrical machine
to be restarted earlier than has previously been the case,
i.e., with a fixed recovery time. The minimum recovery
time might sometimes be longer than the previous fixed
recovery time. But in this case the method avoids a po-
tentially dangerous situation where the electrical ma-
chine is restarted too soon without dynamic braking ca-
pability.

[0047] In a second method, the controlling step can
include restarting the stopped electrical machine and,
after restarting, varying a maximum output power of the
electrical machine based on the prevailing temperature
of the braking resistor. The controlling step can alterna-
tively include varying one or more of the operating pa-
rameters of the restarted electrical machine (e.g., torque,
rotational speed, power etc.) during a subsequent mo-
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toring operation based on the prevailing temperature of
the braking resistor. In practice, the method will normally
only take into account the prevailing temperature of the
braking resistor because it has been found to cool down
at a much slower rate than the chopper and therefore
represents the limiting factor in the thermal recovery of
the braking circuit. But it is also possible, additionally or
alternatively, to vary a maximum output power or vary
one or more of the operating parameters of the electrical
machine based on the prevailing temperature of the
chopper.

[0048] Inthe case of a wind turbine generator, the max-
imum output power can be varied using a power refer-
ence, for example. It will be readily appreciated that in
practice the actual power that the electrical machine out-
puts can be less than the maximum output power de-
pending on the particular operating conditions, e.g., wind
speed in the case of a wind turbine generator. But the
power reference defines a maximum output power that
cannot be exceeded and the electrical machine is con-
trolled accordingly.

[0049] The electrical machine may only need to be
stopped for a short period of time - e.g., to allow for fault
clearance on the power network or grid. This is likely to
be much shorter than a conventional fixed recovery time
or even the minimum recovery time determined dynam-
ically in accordance with the first method. It typically takes
2-3 minutes to restart a wind turbine generator after a
fault has been cleared. Instead of waiting until the braking
resistor has cooled sufficiently to be able to withstand
the temperature increase caused by the subsequent op-
eration of the DBS with the electrical machine operating
at its rated output power, i.e., the "worst case" situation
outlined above, the electrical machine can be restarted
much earlier but at a lower output power that can be
increased as the braking resistor continues to cool. At
any time after the electrical machine has been restarted,
the DBS can be operated safely because the braking
resistor is able to withstand the maximum temperature
increase that would arise from dissipating the actual out-
put power of the electrical machine as determined by the
power reference. If the DBS has two or more braking
circuits, each braking circuit will be adapted to dissipate
a proportion of the actual output power and the maximum
output power of the electrical machine can be selected
accordingly.

[0050] The prevailing temperature of the braking resis-
tor can be measured, estimated using a thermal model,
or otherwise derived as described in more detail above.
[0051] The maximum outputpower of the electrical ma-
chine can be determined using a power starting profile
that relates output power to temperature or temperature
difference. A temperature difference can be determined
by subtracting the prevailing temperature of the braking
resistor (e.g., as measured, estimated or otherwise de-
rived) from an upper temperature threshold of the braking
resistor. This temperature difference can then be used
to select an appropriate power reference for the electrical
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machine. The upper temperature threshold can be the
rated temperature of the braking resistor, for example.
The upper temperature threshold for determining the
temperature difference can be the same as the upper
temperature threshold for determining the maximum op-
eration time of the braking circuit in the operating step.
Alternatively, different upper temperature thresholds can
be used, for example if one or both of the upper temper-
ature thresholds for the braking resistor are selected to
be below the rated temperature to provide a thermal mar-
gin.

[0052] Ifthe DBS hastwo or more braking circuits, each
having a respective temperature or temperature differ-
ence, the power starting profile can use one of the tem-
peratures or temperature differences to select the power
reference.

[0053] Aninitial maximum output power can be select-
ed on restarting the electrical machine. The maximum
output power can then be increased according to the
power starting profile as the braking resistor cools and
the temperature difference increases until the maximum
output power equals the rated output power for the elec-
trical machine.

[0054] The duty cycle of the braking resistor and its
effect on power dissipation can be taken into account
when determining the maximum output power of the elec-
trical machine. The duty cycle can be fixed or variable.
[0055] Inthe case of a variable speed motor, its oper-
ation can be controlled using a control reference that can
be used to control or vary the input power supplied
through the power converter to the motor, for example.
The control reference can be a speed, torque or power
reference, for example, which can be used to determine
one or more operating parameters for the variable speed
motor. The control reference can be provided to the pow-
er converter or its controller where it can be used as part
of a control strategy to vary the input power to the motor
by controlling the semiconductor switches. Such control
strategies are well known to the skilled person and might,
for example, use pulse width modulation (PWM) or any
other appropriate control.

[0056] The prevailing temperature of the braking resis-
tor can be measured, estimated using a thermal model,
or otherwise derived as described in more detail above.
The maximum rotational speed of the electrical machine
can be determined using a speed or torque profile that
relates rotational speed or torque to temperature or tem-
perature difference. A temperature difference can be de-
termined by subtracting the prevailing temperature of the
braking resistor (e.g., as measured, estimated or other-
wise derived) from an upper temperature threshold of the
braking resistor. This temperature difference can then be
used to select an appropriate speed or torque reference
for controlling operation of the electrical machine. Other
control profiles can be used. The upper temperature
threshold can be the rated temperature of the braking
resistor, for example. The upper temperature threshold
for determining the temperature difference can be the
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same as the upper temperature threshold for determining
the maximum operation time of the braking circuit in the
operating step. Alternatively, different upper temperature
thresholds can be used, for example if one or both of the
upper temperature thresholds for the braking resistor are
selected to be below the rated temperature to provide a
thermal margin.

[0057] Ifthe DBS hastwo ormore braking circuits, each
having a respective temperature or temperature differ-
ence, the speed or torque profile can use one of the tem-
peratures ortemperature differences to select the control
reference.

[0058] The duty cycle of the braking resistor and its
effect on power dissipation can be taken into account
when determining the control reference. The duty cycle
can be fixed or variable.

[0059] The invention further provides a method of con-
trolling a power system comprising an electrical machine
(e.g., a motor or generator), a power converter including
AC terminals connected to the electrical machine and
DC terminals, a DC circuit connected to the DC terminals
of the power converter, and a DBS comprising a braking
circuit connected in series to the DC circuit, the braking
circuit including a braking resistor and a chopper;

the method comprising the step of operatingthe DBS
until the prevailing temperature of the braking circuit
reaches or exceeds an upper temperature threshold,
e.g., the rated temperature of the braking resistor or
the chopper.

[0060] The invention further provides a power system
comprising:

an electrical machine (e.g., a motor or generator);
a power converter including AC terminals connected
to the electrical machine and DC terminals;

a DC circuit connected to the DC terminals of the
power converter;

a DBS comprising a braking circuit connected in se-
ries to the DC circuit, the braking circuit including a
braking resistor and a chopper; and

a control unit adapted to operating the DBS until the
prevailing temperature of the braking circuit reaches
orexceeds an upper temperature threshold, e.g., the
rated temperature of the braking resistor or the chop-
per.

[0061] The control unit can be further adapted to carry
out the steps described above.

Drawings
[0062]
Figure 1 shows a power system with a wind turbine

generator and a DBS having one braking circuit;
Figure 2 shows a braking circuit;
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Figure 3 shows an alternative power system with a
wind turbine generator, multiple "channels" and a
DBS having two braking circuits per "channel";
Figure 4 shows the steps of a method according to
the present invention for controlling a wind turbine
generator;

Figure 5 shows an example of how the maximum
operation time of the DBS can be determined;
Figure 6 shows cooling profiles of a braking resistor;
Figure 7 shows an example ofhow a power reference
for a wind turbine generator can be determined; and
Figure 8 shows the output power of a wind turbine
generator;

Figure 9 shows a power system with a variable speed
motor and a DBS having one braking circuit;
Figure 10 shows an example of how a speed refer-
ence for a variable speed motor can be determined;
and

Figure 11 shows the steps of a method according to
the presentinvention for controlling a variable speed
motor.

[0063] The present invention provides a method of
controlling the power systems 1 and 1’ shown in Figures
1to 3.

[0064] Unless otherwise stated, the following descrip-
tion assumes that the DBS has a single braking circuit.
But commentary is provided to explain how the method
can be adapted for a DBS with two or more braking cir-
cuits.

[0065] With reference to Figure 4, inthe event of afault
which prevents power generated by the wind turbine gen-
erator 8 from being supplied to the power network or grid
12, e.g., during a low voltage dip, the method includes
the following steps:

Step 1:  Operating the dynamic braking system (or
DBS), e.g., by switching the chopper 24 on
and off according to a duty cycle, so that the
excess energy inthe DC circuit4 which cannot
be supplied to the power network or grid 12
because of the fault is dissipated as heat in
the braking resistor 22.

Step 2:  Stopping operation of the wind turbine gener-
ator 8, e.g., using blade pitch control and/or
applying mechanical braking of the blade as-
sembly 10, to bring the wind turbine generator
to a complete stop until the fault is cleared. (It
will be readily understood that the operations
in Steps 1 and 2 will normally overlap and that
the stopping of the wind turbine generator 8
can follow a power shedding profile which in
practice can be based on a combination of
dissipating energy in the DBS and appropriate
control to reduce the rotational speed of the
wind turbine generator. To this extent, the op-
erations in Step 1 and 2 can be viewed as
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being part of a single, coordinated, step for
controlling the dissipation of excess energy
during a fault condition.)
Step 3:  Controlling the restarting of the wind turbine
generator 8 based on a prevailing tempera-
ture of the braking circuit 2.

Maximum operation time

[0066] In Step 1, the DBS is operated for a period of
time (the "operation time").

[0067] If the DBS is operated for too long, it can result
in component failure or, in some cases, the destruction
of the DBS or the power system as a whole. In a conven-
tional method, the maximum operation time is a fixed
time period that is selected to prevent the components
of the DBS from reaching their thermal limits. The fixed
time period might be 9 seconds, for example. In the meth-
od of the present invention, the maximum operation time
can be determined dynamically based on a prevailing
temperature of the braking circuit 2, and in particular the
prevailing temperature of one or both of the braking re-
sistor 22 and the chopper 24. With reference to Figure
5, the prevailing temperatures can be estimated accu-
rately using thermal models 30, 32. The thermal model
30 for the chopper 24 uses appropriate inputs 34, e.g.,
power loss in the chopper, the ambient temperature at
the outer case of the chopper, thermal impedance etc.,
to accurately estimate the junction temperature of the
chopper T, (f) which is then compared in "real time"
against an upper temperature threshold T, for the
chopper. Similarly, the thermal model 32 for the braking
resistor 22 uses appropriate inputs 36, e.g., power loss
in the braking resistor, the ambient temperature at the
resistor etc., to accurately estimate the prevailing tem-
perature of the braking resistor T(f) which is then com-
pared in "real time" with an upper temperature threshold
T, _upper for the braking resistor. Sensors (not shown) for
measuring the various temperatures can be provided as
part of the power system. Such sensors can provide the
ambient temperatures for use in the thermal models 30,
32.

[0068] The uppertemperature threshold canbe therat-
ed temperature for the respective component, i.e., taken
from the manufacturer datasheet, or can be selected to
be below the rated temperature to provide a particular
thermal margin for the respective component. For exam-
ple, if the rated temperature of the braking resistor is
1200°C, the upper temperature threshold T, ,,,s-Can be
selected to be about 1200°C or can be selected to be
less than 1200°C (e.g., about 1100°C) so that operation
of the DBS is ended before the rated temperature of the
braking resistor 22 is reached or exceeded. When the
prevailing temperature T({), T(f) of one of the chopper
24 and the braking resistor 22 reaches or exceeds the
respective upper temperature threshold, the operation of
the DBS in Step 1 is ended. Operation of the DBS can
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be ended by controlling the control unit 26 to switch off
the chopper 24 or prevent further switch on if the chopper
is being controlled using a duty cycle.

[0069] The maximum operation time {,, for the DBS
can be determined by:

top = Min(te op) tr op)
where:

te_opis the time taken for the prevailing temperature
T(t) of the chopper 24 to reach the upper tempera-
ture threshold T, 5,6, and

t, op is the time taken for the prevailing temperature
T,(t) of the braking resistor 22 to reach the upper
temperature threshold T,_ ;.
[0070] Ifthe DBS includes two or more braking circuits,
each braking circuit will dissipate a proportion of the out-
put power of the wind turbine generator 8. The operation
of the DBS is ended when the prevailing temperature
T.(t), T/t) of one of the chopper 24 and the braking re-
sistor 22 in any one of the braking circuits reaches or
exceeds the respective upper temperature threshold. In
practice, this means that some of the braking circuits
might be within acceptable thermal limits when operation
of the DBS - and hence operation of all of the braking
circuits - is ended.

[0071] Simulations indicate that for practical imple-
mented wind turbine generators, the maximum operation
time determined dynamically based on a prevailing tem-
perature of the braking circuit can be significantly longer
than the fixed operation time currently being used. For
example, it may be possible to dissipate 3 MW in one
braking circuit 2 using a suitable power shedding profile
where the DBS is operated for about 15 seconds without
the chopper 24 or the braking resistor 22 of the braking
circuit reaching or exceeding an respective upper tem-
perature threshold.

[0072] Ifthe prevailingtemperature of neither the chop-
per 24 nor the braking resistor 22 of each braking circuit
has reached or exceeded the respective upper temper-
ature threshold, the operation of the DBS in Step 1 can
be ended when the output power of the wind turbine gen-
erator 8 falls to zero or substantially zero and all of the
energy has effectively been dissipated.

Minimum recovery time

[0073] Once the operation of the DBS in Step 1 has
ended, the DBS must normally be allowed a period of
time to recover so that it is capable of being operated
again if necessary. In a conventional method, the mini-
mum "recovery time" is a fixed time period that is selected
to allow the components of the braking circuit, and in
particular the braking resistor 22, to cool down sufficient-
ly. The fixed time period might be 20 minutes, for exam-
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ple. During this fixed time period, the wind turbine gen-
erator 8 must remain stopped and cannot be used to
generate power.

[0074] In a first method of the present invention, the
wind turbine generator 8 is restarted in Step 3 at its rated
output power, i.e., on restarting the wind turbine gener-
ator 8 it is ramped up to its rated output power according
to a starting sequence. This means that the DBS must
be capable of dissipating at least the rated output power
of the wind turbine generator 8 and the wind turbine gen-
erator cannot be restarted until the braking resistor 22
has cooled sufficiently to provide that capability. It will be
readily understood that if the DBS includes two or more
braking circuits, each braking circuit must be capable of
dissipating its proportion of the rated output power of the
wind turbine generator 8.

[0075] Instead of using a fixed recovery time, e.g., 20
minutes, the first method of the present invention as-
sumes that the wind turbine generator 8 can be safely
restarted when a prevailing temperature T,(t) of the brak-
ing resistor 22 reaches or falls below a lower temperature
threshold T, ;oue- The lower temperature threshold
T,

r_lower IS selected so that the DBS is capable of safely

dissipating a pre-determined output power of the wind
turbine generator 8 at a particular duty cycle. The pre-
determined output power is preferably at least the rated
output power of the wind turbine generator 8 and can be
higher than the rated output power for the "worst case"
situation described above.

[0076] The minimum recoverytimet,.forthe DBS can
be determined by:

trec = tr rec
where t, ... is the time taken for the prevailing tempera-
ture Tr(tS of the braking resistor 22 to reach the lower
temperature threshold T, ,,,o~ The prevailing tempera-
ture T(f) of the braking resistor 22 can be accurately
estimated using a thermal model as described above.
[0077] Figure 6 shows simulated cooling profiles of a
braking resistor 22 for two different maximum tempera-
tures T, @nd T,,,,» reached during the operation of
the DBS in Step 1. The cooling profile will normally de-
pend onthe thermal characteristics of the braking resistor
(which can be modelled or simulated using an appropri-
ate model) and the ambient temperature of the braking
resistor. It can be seen that for the first cooling profile
with maximum temperature T,,,,,4, the prevailing temper-
ature T ,4(f) of the braking resistor 22 will reach the lower
temperature threshold T, ;.. at time f, ,..4 and for the
second cooling profile with maximum temperature T max2s
the prevailing temperature T () of the braking resistor
will reach the lower temperature threshold T, ,,.-attime

tr rec2’ where Tma)@ > Tmax1 and tr rec2 > tr rec1*

[0078] Simulations indicate that for practical imple-
mented wind turbine generators, the minimum recovery
time determined dynamically based on a prevailing tem-
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perature of the braking circuit, and in particular the brak-
ing resistor 22, can be significantly shorter than the fixed
recovery time currently being used. In some cases, the
DBS might not require any recovery time such that the
wind turbine generator 8 can be restarted as soon as the
fault in the power network or grid has been cleared and
other safety checks have been carried out. In other cases,
the minimum recovery time for the DBS determined dy-
namically based on a prevailing temperature of the brak-
ing circuit can be longer than the fixed recovery time. But
this avoids a potentially dangerous situation where the
wind turbine generator is restarted too soon and where
the DBS would not be capable of providing dynamic brak-
ing.

[0079] Ifthe DBS has two or more braking circuits, the
wind turbine generator 8 will normally only be restarted
when all of the braking resistors have reached or fallen
below their respective lower temperature thresholds.
[0080] Ina second method, the wind turbine generator
8 is restarted in Step 3 as soon as the fault in the power
network or grid has been cleared and other safety checks
have been carried out. But instead of restarting the wind
turbine generator 8 at its rated output power, i.e., where
it is ramped up to its rated output power according to a
starting sequence, the wind turbine generator is restarted
at an initial, lower, maximum output power that is deter-
mined with reference to the prevailing temperature of the
braking resistor. The maximum output power of the wind
turbine generator 8 is then varied in "real time" based on
the prevailing temperature of the braking resistor so that
the maximum output power of the wind turbine generator
8 increases as the braking resistor 22 cools down. This
means that the wind turbine generator 8 only needs to
be stopped for a short period of time - and in particular,
aperiod of time such as 2-3 minutes that is certainly much
shorter than the conventional fixed recovery time and is
often shorter than the minimum recovery time used in
the first method of the present invention where the wind
turbine generator 8 is restarted at its rated output power.
At any time after the wind turbine generator 8 has been
restarted, the DBS can be operated safely at a particular
duty cycle because the braking resistor 22 is able to with-
stand the maximum temperature increase that would re-
sult from dissipating the maximum output power of the
wind turbine generator that is determined with reference
to the prevailing temperature of the braking resistor. In
practice, the actual output power of the wind turbine gen-
erator 8 can be less than the maximum output power and
willdepend on the operating conditions, e.g., wind speed.
[0081] With reference to Figure 7, a temperature dif-
ference AT(f) is determined by subtracting the prevailing
temperature T (f) of the braking resistor 22 from an upper
temperature threshold T,_ ., for the braking resistor.
The upper temperature threshold can be the rated tem-
perature for the respective component, i.e., taken from
the manufacturer datasheet, or can be selected to be
below the rated temperature to provide a particular ther-
mal margin. The upper temperature threshold can be the
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same as the upper temperature threshold for determining
the maximum operation time of the DBS in Step 1. Alter-
natively, different upper temperature thresholds can be
used.

[0082] Apowerstarting profile 38 uses the temperature
difference AT(t) to select a power reference P, s which is
used to control the maximum power that the wind turbine
generator 8 can output after it is has been restarted. The
power reference P,.scan be supplied to the wind turbine
generator 8 or its controller/regulator (not shown). As the
prevailing temperature T ({) of the braking resistor 22 de-
creases, the temperature difference AT(f) will increase
and the power reference P, will increase according to
the power starting profile 38 until the wind turbine gen-
erator 8 is able to produce the rated output power.
[0083] Ifthe DBS hastwo ormore braking circuits, each
having a respective temperature difference AT(f), the
power starting profile 38 can use one of the temperature
differences to select the power reference, e.g., the tem-
perature difference that indicates the lowest capability
for a braking circuit to withstand the temperature increase
that would result from subsequent operation. Each brak-
ing circuit must be capable of dissipating its proportion
of the maximum output power of the wind turbine gener-
ator 8.

[0084] The firstand second methods are shown graph-
ically in Figure 8 for a wind turbine generator 8 with rated
output power P4 A fault occurs on the power network
or grid at time f, and the DBS is operated to dissipate
excess power in the DC circuit as the wind turbine gen-
erator 8 is brought to a complete stop at time t; and the
output power is zero. The excess power to be dissipated
in the braking resistor 22 is the rated output power P,y
of the wind turbine generator 8. If the DBS has two or
more braking circuits, the excess power to be dissipated
in each braking resistor would be a proportion of the rated
output power P, . It is assumed that the operation of
the DBS is also ended at time t; and that the braking
resistor 22 then starts to cool down according to a cooling
profile - see Figure 6.

[0085] In the first method described above, the wind
turbine generator 8 remains stopped until the prevailing
temperature T,(f) of the braking resistor 22 reaches the
lower temperature threshold T, ., at time f3. The time
difference between t; and {3 is the minimum recovery
time {, o for the braking resistor 22. At time t; the wind
turbine generator 8 is restarted and is ramped up to its
rated output power P, according to a starting se-
quence as indicated by the dashed line 40.

[0086] In the second method described above, the
wind turbine generator 8 remains stopped until time f,
which is after the fault on the power network or grid has
been cleared. Attime t, (which might be 2-3 minutes after
t,, for example) the wind turbine generator 8 is restarted
and is ramped up to an initial output power P, (as indi-
cated by the solid line 42) that is determined by the power
reference P,,sand which represents the maximum power
that the wind turbine generator 8 can output for the tem-
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perature of the braking resistor 22 at time f,. (Figure 8
assumes that the wind turbine generator 8 will output the
maximum power that it can, i.e., that the prevailing wind
conditions allow it to be operated at the limit set by the
power reference P,r.) As the temperature of the braking
resistor 22 decreases, the power reference P, will in-
crease and the wind turbine generator 8 can output more
power to the power network or grid. Eventually, the wind
turbine generator 8 will be able to output the rated output
power P,.;.q When the braking resistor 22 has cooled
sufficiently that the DBS can be operated safely for a
"worst case" situation. It can be seen that with the second
method, the wind turbine generator 8 can be restarted to
generate power much sooner, but at a reduced level.
[0087] The present invention provides a method of
controlling the power system 1" shown in Figure 9.
[0088] With reference to Figure 10, the method in-
cludes the following steps:

Step 1:  When the variable speed motor 50 is operat-
ing in a generating mode, e.g., during regen-
erative braking, operating the DBS, e.g., by
switching the chopper 24 on and off according
to a duty cycle, so that the excess energy in
the DC circuit 46 is dissipated as heat in the
braking resistor 22.

Step 2:  Operating the variable speed motor 50 in a
motoring mode and controlling one or more of
its operating parameters, e.g., torque, rota-
tional speed, based on a prevailing tempera-
ture of the braking circuit 44.

Maximum operation time

[0089] In Step 1, the DBS is operated for a period of
time (the "operation time"). In a conventional method, the
maximum operation time is a fixed time period that is
selected to prevent the components of the DBS from
reaching their thermal limits. In the method of the present
invention, the maximum operation time can be deter-
mined dynamically based on a prevailing temperature of
the braking circuit44, and in particular the prevailing tem-
perature of one or both of the braking resistor 22 and the
chopper 24. As described above, the maximum operation
time {,,, for the DBS can be determined by:

top = Min(te op) tr op)
where:

tc opis the time taken for the prevailing temperature
T(t) of the chopper 24 to reach the upper tempera-
ture threshold T, 5,6, and

t, op is the time taken for the prevailing temperature
T(t) of the braking resistor 22 to reach the upper

temperature threshold T, ;e
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Motoring control

[0090] After the DBS has been operated, the variable
speed motor 50 can be controlled to operate in a motoring
mode. (The motor can also be temporarily stopped and
restarted before being operated in a motoring mode, if
necessary). While operating in the motoring mode, the
input power supplied through the VSD to the variable
speed motor 50 can be varied using a control reference
such as a speed reference, for example. The input power
can be varied in "real time" based on the prevailing tem-
perature of the braking resistor, e.g., so that the rotational
speed of the motor 50 increases as the braking resistor
22 cools down. At any time, the DBS can be operated
safely at a particular duty cycle because the braking re-
sistor 22 is able to withstand the maximum temperature
increase that would result from dissipating the power
generated by the motor during a subsequent generating
mode.

[0091] The prevailing temperature of the braking resis-
tor can be measured, estimated using a thermal model,
or otherwise derived as described in more detail above.
The maximum rotational speed of the variable speed mo-
tor 50 can be determined using a speed profile that re-
lates rotational speed to temperature or temperature dif-
ference.

[0092] With reference to Figure 11, a temperature dif-
ference AT(t) is determined by subtracting the prevailing
temperature T (f) of the braking resistor 22 from an upper
temperature threshold T, .., for the braking resistor.
The upper temperature threshold can be the rated tem-
perature for the respective component, i.e., taken from
the manufacturer datasheet, or can be selected to be
below the rated temperature to provide a particular ther-
mal margin. The upper temperature threshold can be the
same as the upper temperature threshold for determining
the maximum operation time of the DBS in Step 1. Alter-
natively, different upper temperature thresholds can be
used.

[0093] A speed profile 60 uses the temperature differ-
ence AT(t) to select a speed reference N, which is used
to control the input power supplied to the variable speed
motor 50 through the VSD and hence control the rota-
tional speed of the motor. As the prevailing temperature
T(t) of the braking resistor 22 decreases, the tempera-
ture difference AT(f) will increase and the speed refer-
ence N, will increase according to the speed profile 60
until the motor is able to run at the rated speed or the
speed selected by the VSD depending on the operating
requirements of the power system.

[0094] The speed reference N,fis provided to the con-
troller 58 for the VSD where it can be used as part of a
control strategy to vary the input power to the motor 50
by controlling the semiconductor switches of the power
converters 48, 52. Such control strategies are well known
to the skilled person and might, for example, use pulse
width modulation (PWM) or any other appropriate control.
Other control references/profiles can be used to achieve
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the desired control of the variable speed motor 50 during
the subsequent motoring mode based on the prevailing
temperature T(f) of the braking resistor 22.

[0095] Ifthe DBS has two or more braking circuits, each
having a respective temperature difference AT(f), the
speed profile 60 can use one of the temperature differ-
ences to select the speed reference, e.g., the tempera-
ture difference that indicates the lowest capability for a
braking circuit to withstand the temperature increase that
would result from subsequent operation. Each braking
circuit must be capable of dissipating its proportion of the
power generated by the variable speed motor 50 if it is
operated in generating mode, e.g., during regenerative
braking.

Claims

1. A method of controlling a power system (1; 1’; 1")
comprising an electrical machine (8; 50), a power
converter (6; 16; 48) including AC terminals connect-
ed to the electrical machine (8; 50) and DC terminals,
aDC circuit (4; 18; 46) connected to the DC terminals
of the power converter (6; 16; 48), and a dynamic
braking system comprising a braking circuit (2; 44)
connected in series to the DC circuit (4; 18; 46), the
braking circuit (2; 44) including a braking resistor (22)
and a chopper (24);
the method comprising the steps of:

operating the dynamic braking system; and
controlling operation of the electrical machine
(8; 50) based on a prevailing temperature of the
braking circuit (2; 44).

2. Amethodaccordingtoclaim 1, wherein the operating
step includes operating the dynamic braking system
until the prevailing temperature of the braking circuit
(2; 44) reaches or exceeds an upper temperature
threshold, e.g., the rated temperature of the braking
resistor (22) or the chopper (24).

3. A method according to any preceding claim, further
comprising the step of stopping operation of the elec-
trical machine (8), and wherein the controlling step
includes controlling the restarting of the electrical
machine (8) based on a prevailing temperature of
the braking circuit (2).

4. A method according to claim 3, wherein the control-
ling step includes restarting the electrical machine
(8) when a prevailing temperature of the braking cir-
cuit (2) reaches or falls below a lower temperature
threshold.

5. A method according to claim 4, wherein the prevail-
ing temperature of the braking circuitis the prevailing
temperature of the braking resistor (22).
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A method according to claim 5, wherein the lower
temperature threshold is selected to allow the dy-
namic braking system to dissipate a pre-determined
output power of the electrical machine (8).

A method according to claim 6, wherein the pre-de-
termined output power is at least the rated output
power of the electrical machine (8).

A method according to claim 3, wherein the control-
ling step includes restarting the electrical machine
(8) after a period of time and, after restarting, varying
the maximum output power of the electrical machine
(8) based on the prevailing temperature of the brak-
ing circuit (2).

A method according to claim 8, wherein the maxi-
mum output power of the electrical machine (8) is
varied based on the prevailing temperature of the
braking resistor (22).

A method according to claim 8 or claim 9, wherein
the maximum output power of the electrical machine
(8) is varied based on a power starting profile (38).

A method according to claim 10, wherein the power
starting profile (38) relates the maximum output pow-
er of the electrical machine (8) to a temperature dif-
ference between an upper temperature threshold of
the braking resistor (22), e.g., the rated temperature
of the braking resistor, and the prevailing tempera-
ture of the braking resistor (22).

A method according to claim 1 or claim 2, wherein
the controlling step includes controlling one or more
ofthe operating parameters of the electrical machine
(8; 50), e.g., torque, rotational speed, with reference
to a prevailing temperature of the braking circuit.

A method according to claim 12, wherein the elec-
trical machine (50) is operated as a motor during the
controlling step.

A power system (1; 1’; 1") comprising:

an electrical machine (8; 50);

a power converter (6; 16; 48) including AC ter-
minals connected to the electrical machine (8;
50) and DC terminals;

a DC circuit (4; 18; 44) connected to the DC ter-
minals of the power converter (6; 16; 48);

a dynamic braking system comprising a braking
circuit (2; 44) connected in series to the DC cir-
cuit (4; 18; 46), the braking circuit (2; 44) includ-
ing a braking resistor (22) and a chopper (24);
and

a control unit adapted to:
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operate the dynamic braking system; and
control operation of the electrical machine
(8; 50) based on a prevailing temperature
of the braking circuit (2).

15. A power system according to claim 14, wherein the

electrical machine is a wind turbine generator (8)
whose rotor is driven to rotate by a rotor assembly
(10) including one or more rotor blades or a variable
speed motor (50).
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